Introduction
Maintaining metal homeostasis is of critical importance for life. When present at elevated concentrations, both essential (e.g., Zn, Cu and Mg) and non-biological metals (e.g., Ag, Hg and U) can be toxic (Lemire et al., 2013) . To defend against metal toxicity, microbes have evolved sensory pathways to maintain homeostasis of essential metals and defend against the incursion of toxic metals (Nies, 1999) . Understanding these processes has important implications for pathogenesis, antimicrobial resistance and bioremediation.
A primary means for maintaining metal homeostasis involves the use of metal sensing regulators that couple metal perception with activation of genes encoding proteins with metal detoxification functions. This process is particularly well-understood for essential metals such as Zn and Cu (Hobman and Crossman, 2015) . When present at high levels, they tend to form strong complexes with biomolecules, blocking functional groups and displacing essential metals in enzymes (Macomber and Imlay, 2009; Waldron and Robinson, 2009; McDevitt et al., 2011) . In Escherichia coli, two distinct systems mediate Cu homeostasis, including the cytoplasmic CueR transcription factor that couples Cu binding with transcriptional regulation and the two-component system (TCS) CusRS whose sensor kinase couples Cu binding in the periplasm with activation of the response regulator CusR to carry out the regulatory function (Changela et al., 2003; Gudipaty and McEvoy, 2014; Hobman and Crossman, 2015) . Both systems activate efflux pumps that mitigate cytoplasmic Cu toxicity through efflux. There are parallel regulatory systems that maintain Zn homeostasis, coupling detection of Zn in either the cytoplasm or periplasm with the activation of Zn efflux (Nies, 1999; Hobman and Crossman, 2015) .
Microbes can also sense metals indirectly via the detection of the toxic effects exerted by the metals. The cell envelope is especially vulnerable as it represents the first line of defense against the external environment. Metals have been shown to disrupt cell envelope structure and function, eliciting adaptive responses through activation of extracytoplasmic stress response factors (ECF) (Yamamoto and Ishihama, 2005; Kohler et al., 2012) . For example, the E. coli ECF stress factor RpoE that is responsive to misfolded outer membrane proteins and changes in lipopolysaccharide structure can also be activated by Zn, Cu and Cd, likely a result of a common feature of impairment of cell membrane function (Yamamoto and Ishihama, 2005) . Similarly, the TCSs CpxAR and BaeSR that sense a variety of envelope stresses also play important roles in metal homeostasis. Cu-dependent activation of the CpxR regulon was found to confer a growth advantage with Cu in an otherwise Cu-sensitive mutant and Zn-dependent activation of the BasSR regulon was linked to Zn detoxification (Wang and Fierke, 2013) . Thus, metal homeostasis can be integrated into more general stress response pathways.
In contrast to transition metals (e.g., Cu and Zn), very little is known about how bacteria sense and respond to actinides such as uranium (U). In oxic environments, U exists predominately in the 16 oxidation state as the uranyl oxycation (UO 21 2 ) and has high chemical toxicity (Markich, 2002) . The US Environmental Protection Agency's maximum contaminant limit for U in drinking water is 30 lg L 21 ($0.13 lM), however, groundwater concentrations in the US frequently exceed this limit (Focazio et al., 2006; Hoover et al., 2016) . Studies of the U response in anaerobic and aerobic bacteria have revealed a plethora of different stress responses that range from DNA damage, oxidative stress, protein misfolding, to cell envelope stress (Bencheikh-Latmani et al., 2005; Junier et al., 2011; Khemiri et al., 2014 , Li et al., 2014 . However, the lack of regulatory systems that exhibit a specific response towards U has hindered in-depth mechanistic studies. The recent finding of a putative U-specific stress response in Caulobacter crescentus (Hu et al., 2005; Hillson et al., 2007) has provided a foundation for exploring the mechanisms of U-induced signal transduction in bacteria. C. crescentus is an obligate aerobe with a ubiquitous presence in aqueous environments where it is welladapted to life under low-nutrient conditions (Poindexter, 1981) . Remarkably, Caulobacter species tolerate high concentrations of U (Hu et al., 2005; Park and Jiao, 2014) , have been found in U-contaminated sites (Bollmann et al., 2010) and can mineralize U through the formation of uranyl phosphate precipitates . Multi-omics studies to elucidate the U stress response pathways in C. crescentus have revealed that many of the highest induced genes/proteins are, in general, poorly characterized or of unknown function (Hu et al., 2005; . Nevertheless, the expression of these genes was not induced by Cd, Cr, Pb or Se (Hu et al., 2005) and many possess a common upstream regulatory motif (m_5) (McGrath et al., 2007) , suggestive of a designated signal transduction pathway for U.
The highest U-induced gene urcA (uranium response in Caulobacter) has been exploited as a U sensor that can detect micromolar U concentrations in contaminated ground water . Examination of P urcA specificity over a limited set of conditions revealed only minor induction by Cd or stationary phase . However, the molecular mechanisms governing P urcA regulation have not been examined. To address this, we characterized the metal specificity of P urcA and identified a previously uncharacterized TCS named UzcRS (uranium, zinc and copper) as the regulatory system responsible for U, Zn and Cu-dependent activation of P urcA . To further understand the physiological function of UzcRS, we mapped the in vivo binding locations of UzcR using chromatin immunoprecipitation followed by sequencing (ChIP-seq) and coupled this data with RNA-seq analysis to define its direct regulon.
Results

P urcA is strongly activated by U, Zn and Cu
Previous reports showed that P urcA is strongly induced by U, weakly induced by Cd or stationary phase and not affected by Cr or Pb . To test for additional inducers of P urcA , we assayed P urcA -lacZ activity in the presence of sub-inhibitory concentrations of 12 additional metals. Although the vast majority of metals had no effect on P urcA-lacZ expression, exposure to ZnSO 4 (40-50 lM) resulted in a pronounced induction (Fig. 1A ), on par with the induction level observed for U. Additionally, CuSO 4 , added at a concentration range of 3-7.5 lM, also resulted in P urcA induction (Fig. 1B) ; concentrations >15 lM caused a severe growth defect and failed to induce P urcA expression. Finally, consistent with previous results , CdSO 4 (40 lM) caused a low level of induction (Fig. 1B) . Collectively, these data showed that U, Zn and Cu are strong inducers of P urcA , indicating that the P urcA regulatory machinery is able to incorporate signals from a broader range of metal substrates than previously reported.
The UzcRS TCS is a direct activator of P urcA
To identify the cellular components governing the regulation of P urcA , we conducted a forward genetic screen. The chromosomal copy of urcA was replaced with lacZ and approximately 60,000 transposon mutants were screened for altered P urcA -lacZ expression in the presence of Zn. Strains that failed to induce P urcA , as judged by a white colony phenotype on X-gal plates, were carried through several subsequent validation steps to eliminate false positives (see the "Experimental procedures" section). In sum, we identified four mutants that failed to induce P urcA , all of which contained transposons mapped to different locations within CCNA_02842 and CCNA_02845 ( Fig. 2A) . Sequence analysis indicated that CCNA_02845 encodes an OmpR/PhoB family response regulator (RR) and CCNA_02842 encodes a histidine kinase (HK) containing a 123 amino acid periplasmic domain, placing it in the periplasmic-sensing class of histidine kinases (Mascher et al., 2006) . Together these genes are predicted to encode a cognate TCS pair (Procaccini et al., 2011) with an uncharacterized physiological function.
To confirm that this TCS is responsible for the metaldependent activation of P urcA , we assayed P urcA -lacZ expression in strains with a clean deletion of either the RR or HK gene. Deletion of HK or RR completely abolished Zn-, U-and Cu-dependent induction of P urcA-lacZ ( Fig. 2A and B; data not shown for Cu). In addition, the level of P urcA expression with no inducer was significantly reduced compared to wild type. To further confirm the dependence of P urcA induction on RR phosphorylation, the aspartate residue at position 51, the predicted site of phosphorylation based on alignment with several well-characterized RRs, was substituted with an alanine (Fig. 2A) . The D51A variant failed to induce P urcA-lacZ expression in the presence of Zn, similar to the HK and RR deletion mutants. Thus, metal-dependent induction of P urcA is likely dependent on the TCS HK-RR phosphorelay. Given the pronounced induction of P urcA by U, Zn and Cu, we have adopted the name uzcS (uranium, zinc and copper) and uzcR for the HK and RR, respectively.
In the C. crescentus NA1000 genome, uzcR and uzcS are physically separated by genes encoding the ParDE 3 toxin antitoxin (TA) system, together forming a putative four-gene operon (Procaccini et al., 2011) (Fig. 2A) . Although uzcR and uzcS are conserved throughout much of alpha-proteobacteria, the insertion of parDE 3 between uzcR and uzcS is unique to a subset of the Caulobacter genus; uzcR and uzcS are adjacently located in the majority of closely related alphaproteobacteria (Fig. S1 ) including C. crescentus OR37, an environmental isolate from a U-contaminated site (Utturkar et al., 2013) . The fact that a promoter was mapped upstream of parD 3 ( Fig. 2A ) in addition to the two mapped upstream of uzcR (Zhou et al., 2015) , raises the possibility that an autoregulatory function of this type II TA system (Fiebig et al., 2010) could alter uzcS mRNA levels. To determine whether the ParDE 3 TA system plays a role in metal-dependent regulation of P urcA , we assayed P urcA -lacZ expression in strains lacking the parE 3 (toxin) or both parD 3 and parE 3 . P urcA -lacZ expression was strongly induced by Zn in both strains and remained low in the absence of Zn, similar to the phenotype of wild type ( Fig. 2A) . Thus, the ParDE 3 TA system does not strongly affect P urcA regulation under the conditions tested, although we cannot exclude its potential role under conditions that lead to toxin activation. We note that a transposon located within the 5 0 end of parD 3
( Fig. 2A ) resulted in a small increase in basal P urcA -lacZ expression (sevenfold) compared to wild type (data not shown). We suspect that this phenotype resulted from the transposon insertion influencing the stability or expression level of the operon. To confirm that UzcR is a direct activator of P urcA , we tested both in vitro and in vivo binding of UzcR to P urcA . First, an electrophoretic mobility shift assay (EMSA) was performed using phosphorylated UzcR (UzcR-P) and a fluorescently labeled P urcA DNA fragment. A UzcR-P dose-dependent shift in the mobility of the P urcA fragment was observed in the presence of excess competitor (poly-dI-dC), supporting specific binding of UzcR-P to P urcA (Fig. 2C) . At higher UzcR-P levels, two A. Time course of chromosomal P urcA -lacZ induction after treatment of early exponential phase cells with or without Zn. Time zero indicates when Zn was added and b-galactosidase activity at each time point is depicted. Error bars represent the standard deviation of biological triplicates. B. Metal specificity of P urcA was determined by treating mid-exponential phase cells with various metal salts in modified M5G media for two hours before determining b-galactosidase activity. Expression values were normalized to the level of expression with 50 lM Zn, and error bars represent the standard deviation calculated using a formula for propagation of standard error (Ku, 1966) . The depicted metal concentrations are in units of lM except for CaCl 2 and MgSO 4 that were added at mM concentrations.
additional bands with reduced mobility were evident, suggesting that UzcR may form higher-order oligomers. We note that a fraction of UzcR was bound to P urcA without in vitro phosphorylation, which could be due to either residual UzcR remaining phosphorylated during purification and/or binding by the unphosphorylated form when present at micromolar concentrations.
To confirm binding of UzcR to P urcA in vivo, we performed chromatin immunoprecipitation coupled with detection by qPCR (ChIP-qPCR). In the presence of Zn, a greater than 50-fold enrichment of UzcR was observed at P urcA relative to the control region (sodA) (Fig. 2D) . Enrichment was abolished in the DuzcR strain and reduced to less than sixfold in the absence of Zn, confirming the Zn dependence of UzcR binding to the P urcA region. In sum, these data indicate that the TCS UzcRS directly activates P urcA in response to U, Zn and Cu.
Identification of the chromosomal binding locations of UzcR
To identify additional regulatory targets of UzcR, we mapped its in vivo binding locations in the presence or absence of Zn using ChIP-seq. In sum, 57 UzcR binding locations were identified during Zn exposure, with the largest peak located upstream of P urcA (Fig. 3) . Consistent with the dependence of UzcRS activity on an inducer, a pronounced decrease in genome-wide UzcR occupancy was observed in the absence of Zn; only seven binding regions were identified and all but one exhibited reduced occupancy ( Fig. 3 and Table S1 ). This decrease in occupancy very likely reflects the phosphorylation dependence of UzcR DNA binding.
To gain greater insight into the sequence determinants for UzcR DNA binding, we searched for a common sequence recognition element among all in vivo binding sites. One or more copies of an 18-bp motif containing the partially palindromic half sites 5 0 -CATTAC-3 0 and 5 0 -TTAA-3 0 separated by a N 6 spacer region were found within 44 of 57 UzcR binding regions ( Fig. 4A and Table S1 ). This motif is nearly identical to the m_5 motif previously identified from 11 operons whose expression was induced by U (McGrath et al., 2007) . Although most operons had a single copy of m_5 within the promoter region, three adjacent copies were predicted for urcA, two adjacent copies for CCNA_01185 (a urcA paralog named urcB) and two copies separated by a A. Effects of null mutations of genes within the uzcR-parDE 3 -uzcS (CCNA_02845-CCNA_02842) operon on the expression of plasmid-borne P urcA -lacZ (pNJH123). Error bars represent the standard deviation of triplicate measurements. The locations of transposons that abolished P urcA induction are depicted as red lines and a transposon that led to higher basal P urcA -lacZ expression is depicted in blue and marked with an asterisk. Arrows depict TSSs previously determined by global 5 0 start site analysis (Zhou et al., 2015) . B. Time course of P urcA -lacZ expression following treatment with uranyl nitrate in M5G-G2P media (see Experimental procedures) for wild type (WT), DuzcR and DuzcS. C. EMSA of UzcR binding to a 5' 6-FAM (Fluorescein)-labeled P urcA promoter fragment. UzcR-P was phosphorylated with carbamoyl phosphate and the concentrations indicate the total UzcR used in the assay. Arrows depict shifted complexes. D. In vivo binding of UzcR to P urcA using ChIP-qRT PCR. Data are plotted as the fold enrichment at P urcA relative to the control region (sodA) for wild type (WT) with or without 40 lM Zn and DuzcR with 40 lM Zn.
23-bp spacer for CCNA_03762 ( Fig. 4B and Table S1 ). Consistently, these three regions showed the highest UzcR enrichment in the ChIP-seq dataset. Furthermore, the multiple m_5 sites at P urcA also provide a likely cause for the multiple shifted P urcA complexes with reduced mobility observed in the EMSA.
To further corroborate the function of the m_5 motif in UzcR-dependent regulation, we tested the role of each m_5 half site in UzcR-P DNA binding and transcriptional regulation at the CCNA_01968 promoter (P 1968 ). P 1968 contains a consensus m_5 site and a previous study revealed that mutation of four conserved nucleotides abolished Udependent activation (McGrath et al., 2007) . To expand upon this analysis, each half site of P 1968 was individually altered by mutation of the two most conserved nucleotides away from consensus. In vitro binding was tested by EMSA and in vivo promoter activity was determined using promoter-gfp fusions. A UzcR-P dose-dependent shift in the mobility of the wild type P 1968 fragment was observed in the presence of excess competitor DNA (Fig. 4C) , supporting specific binding to P 1968 . Mutations in the first half site (5 0 -CATTAC-3 0 to 5 0 -CAATAG-3 0 ) abolished UzcR-P binding. In contrast, mutations in the second half site (5 0 -TTAA-3 0 to 5 0 -TAAT-3 0 ) did not strongly affect binding of UzcR-P to P 1968 (Fig. 4C) . Consistent with the EMSA data, exposure to Zn caused a 55-fold, uzcR-dependent induction of wild type P 1968 -gfp and no induction of the first half site variant, confirming that the first half site is important for both in vitro binding and in vivo transcriptional regulation (Fig. 4D ). Minimal induction ($2-fold) was observed with the second half site variant, suggesting that conserved residues within the second half site are also critical for UzcR-dependent transcriptional activation, despite the lack of criticality for DNA binding in vitro. Collectively, these data suggest that UzcR is the m_5 regulator and significantly expand the number of operons containing m_5 regulatory sites within the C. crescentus genome.
UzcR is a global activator of transcription in response to Zn, Cu and U To determine which genes are regulated at the transcriptional level by uzcR, genome-wide mRNA expression profiles of wild type and DuzcR were determined in the Table  S1 ). The bottom tract, displays UzcR binding sites located upstream of activated operons (green lines) and repressed operons (magenta lines; see also Table S6 ). Activation and repression were determined from RNA-seq data performed in DuzcR and wild-type strains.
presence or absence of Zn using RNA-seq (Table S2) . As expected, Zn exposure led to widespread changes in gene expression (936 differentially expressed [DE] genes in wild type with Zn compared to the no Zn control; Fig. 5A and Table S3 ). Comparison of the expression profiles of DuzcR and wild type strains during Zn exposure revealed 168 genes that are activated by UzcR compared to only 26 repressed genes ( Fig. 5A andTable S4 ). This included greater than 600-fold induction of urcA and urcB. A total of 80% of the UzcR-activated genes were also found to be upregulated by Zn in wild type, confirming that the UzcR regulon is largely a subset of the Zn response (Fig. 5B) . Moreover, consistent with a requirement for an inducer for UzcR DNA binding, a significant reduction in both the number of DE genes and the magnitude of induction was observed between wild type and DuzcR in the absence of Zn ( Fig. 5A and Table S5 ).
To define the direct regulon of UzcR, genes exhibiting a uzcR-dependent change in expression were grouped into operons and correlated with the UzcR binding locations identified from ChIP-seq. There was at least one UzcR binding location mapped upstream of 47 DE operons, 42 A. The 18-bp UzcR (m_5) sequence recognition motif was constructed from the alignment of 49 UzcR boxes identified within the sequence regions bound by UzcR in vivo using MEME (Bailey and Elkan, 1994) . The sequence conservation (bits) is depicted by the height of the letters with the relative frequency of each base depicted by its relative height. B. Location of the predicted UzcR binding sites with respect to the previously determined TSS (Zhou et al., 2015) for the directly activated operons. For urcA and urcB, the approximate TSSs as determined by tiled microarray analysis (McGrath et al., 2007) were used. Note that multiple copies of the m_5 motif were found within some binding regions. The length of the line is representative of the length of the binding site, with the line color denoting a directional orientation on the coding strand (black) or noncoding strand (blue). C. EMSA of UzcR-P binding to wild type and mutant P 1968 fragments. Each UzcR half site was individually eliminated by mutation away from consensus (red bolded nucleotides). The assays were performed with 5 0 6-FAM-labeled DNA and UzcR-P, generated by phosphorylation of UzcR with carbamoyl phosphate. The concentrations indicate the total UzcR used in the assay and arrow depicts the shifted complex. A representative example of three biological replicates is depicted. D. Effects of mutations in each UzcR half site on CCNA_01968 promoter activity in wild type and DuzcR strains. Promoter-gfp mut 3 fusions with the wild type and mutant P 1968 fragments described in (C) were constructed and fluorescence was quantified following a two hour treatment with or without 20 lM Zn. The fluorescence signal was normalized to the OD 600 and fold activation was calculated by dividing the normalized fluorescence in the presence of Zn by the fluorescence in the uninduced condition. Error bars represent the standard deviation calculated using a formula for propagation of standard error (Ku, 1966) .
of which exhibited UzcR-dependent activation (Table 1  and Table S6 ). This suggests that UzcR is a global activator of transcription and that the majority of UzcR binding locations mediate transcriptional regulation.
To gain greater insight into the mechanism of UzcRmediated transcriptional activation, we mapped the location of the m_5 motif relative to the transcription start site (TSS) for a subset of 20 operons that contain an experimentally validated TSS (Zhou et al., 2015) . We suspect that the lack of mapped TSSs for several UzcRregulated operons was due to low expression under noninduced conditions. Strikingly, for the vast majority of activated promoters, the m_5 motif is centered at approximately 243 or 253 bp upstream of the TSS (Fig. 4B) , which are common binding locations for transcriptional activators in bacteria (Lee et al., 2012) . Thus, we predict that UzcR activates transcription through a mechanism involving direct recruitment of RNA polymerase holoenzyme.
To determine whether UzcR binds to the same sites with Cu and U as with Zn, the expression of 37 (of 42) members of the UzcR direct regulon were quantified following exposure of wild-type and DuzcR strains to U, Cu or Zn using custom nCounter gene expression codesets. Cell growth was performed in minimal glucose media supplemented with glycerol-2-phosphate in order to maintain initial U solubility and minimize Cu complexation with medium components (e.g., peptone and yeast extract). As expected, exposure to U, Cu and Zn induced expression of the majority of assayed UzcR-regulon members, in a uzcR-dependent manner ( Fig. 6 and Table  S7 ). Out of the three metals, Cu yielded the most pronounced induction of the UzcR regulon, while U yielded the lowest induction. Although each metal concentration was optimized based on P urcA -lacZ expression (data not shown), it is important to note that these data do not necessarily reflect the relative potency of each metal in inducing UzcRS as they represent a snapshot of mRNA expression at one time point (1 h after exposure) in one medium condition. Nevertheless, this data confirms that U, Zn and Cu are all inducers of UzcRS and that a core set of UzcR sites are bound by UzcR-P under all three conditions.
UzcR regulates a metal-induced extracytoplasmic stress response of unknown function
Functional analysis of the directly activated genes revealed several insights into the underlying physiology of the UzcR regulation (Fig. 7) . First, the vast majority of the UzcR stimulon (52 of 66 genes) encode proteins that are predicted to be localized to the cell envelope based on the presence of a putative signal secretion signal and/or transmembrane domains (Table S6) . Thus, although nearly half of the UzcR regulon included genes of unknown function (hypothetical or conserved domain with no predicted function; Fig. 7 ), they likely take part in a cell envelope stress response. Consistent with increased expression of proteins with a signal secretion sequence, UzcR activated CCNA_02233 (indirectly, 2.6-fold), encoding signal peptidase I that cleaves signal peptides and sppA (directly, 3.5-fold), encoding a signal peptide peptidase that digests the cleaved signal peptides left in the membrane. Second, UzcR activated 10 peptidases (eight annotated as metallopeptidases), nine of which contain either a predicted transmembrane domain or signal secretion sequence, suggestive of a role in periplasmic peptide processing (Table S8) . Third, UzcR activated several genes encoding transport functions. This includes strong induction of the multidrug resistance (MDR) pumps CCNA_02172-02174 (49-fold) A. Volcano plots depicting DE genes for pairwise comparisons of RNA-seq data. Genes that exhibited a greater than twofold change in expression with a p-value of <0.05 were considered DE. B. Venn diagram showing overlap between the set of genes upregulated in wild type during Zn exposure and those exhibiting uzcR-dependent activation during Zn exposure. The data reveals that the UzcR regulon is largely a subset of the Zn stimulon. and CCNA_01335-01334 (8.4-fold) whose physiological functions remain unexplored as well as the MDR pump encoded by acrAB2-nodT (7.4-fold) that has recently been found to confer resistance to ciprofloxacin (Kirkpatrick and Viollier, 2014) . Additionally, UzcR activated two TonB-dependent transporters (83-and 68-fold) with unknown substrate specificity and rsaF b (8.5-fold), encoding an outer membrane protein involved in S-layer secretion. Fourth, UzcR activated eight genes encoding proteins or sRNAs with regulatory functions, highlighting the potential connection to other regulatory networks. Lastly, UzcR activated the CCNA_03997-ccmCD-tlpA operon that encodes membrane components of a pathway involved in the attachment of heme to c-type cytochrome apoprotein in the periplasm. Together, these data suggest that UzcRS governs an uncharacterized global extracytoplasmic response in C. crescentus.
Although our data revealed a limited role for UzcR in transcriptional repression (Table 1 and Fig. 7 ), functional analysis of directly and indirectly repressed operons indicated a general downregulation of TonB-dependent transport systems. This included direct repression of the exbBD-tonB 1 operon, encoding the complex that transduces the energy required for TonB-dependent transport (Noinaj et al., 2010) . Additionally, seven (of 65 total in the genome) TonB-dependent transporters were negatively regulated by UzcR, including direct repression of malA (maltose transport; Lohmiller et al., 2008) (Table  S4) . Although the substrates remain unknown for the rest of the transporters, TonB-dependent transporters are known to import a wide variety of substrates including metal-chelates (Noinaj et al., 2010) . Thus, repression by UzcR may represent a means to limit metal uptake.
Zn, Cu and U induce a canonical cell envelope stress response independent of UzcRS To gain additional insight into the Zn response in C. crescentus, we performed functional annotation clustering of Zn-induced genes that are not regulated by UzcR. The data revealed enrichment for the principle pathways involved in the biosynthesis and assembly of outer membrane components (Table S9 ). This included genes that function in lipopolysaccharide (LPS) biosynthesis (lpxC, lpxK, lpxI and msbA), outer membrane lipoprotein transport (lolA, lolD and lolE) and outer membrane protein assembly (BAM complex; Table S3 ). Furthermore, there was also enrichment for genes encoding classes of proteins known to be induced in E. coli by protein misfolding in the cell envelope (Raivio and Silhavy, 2001) , including three DegP/ HtrA proteases (CCNA_02846, CCNA_01341 and CCNA_00150), five peptidyl-prolyl cis-trans isomerases (CCNA_02889, CCNA_01653-1654 and CCNA_01971, CCNA_01759) and thiol:disulfide oxido-reductases (dsbA and dsbD; Table S3 ). Collectively, these data suggest that Zn disrupts the function of cell envelope components, leading to the activation of an envelope stress response.
To test whether U and Cu exert a similar stress response phenotype, the expression of a subset (7) of cell envelope stress response genes (lolA, bamB, dsbA, lpxC, fkbP homolog and two degP homologs) was quantified following exposure to U, Cu or Zn using the custom gene expression codesets. Both Cu and U induced all seven of the assayed genes in a uzcR-independent manner ( Fig. 6 and Table S7), with the degree of gene induction caused by each metal paralleling that observed for the UzcR regulon; induction was most pronounced for Cu, intermediate for Zn and lowest for U. These data suggest that all three metals cause a canonical envelope stress response, largely independent of UzcR.
The UzcRS TCS is not required for metal tolerance
To test whether UzcRS is required for U, Zn or Cu tolerance, we determined the MIC of wild type, DuzcR, DuzcS and deletion mutants of the UzcR regulon members urcA, urcB and acrAB-nodT against U, Zn and Cu. urcA and urcB were included given their high UzcRdependent induction (>600-fold), whereas acrAB-nodT encodes a homolog of the E. coli AcrAB efflux system with broad substrate specificity (Sun et al., 2014) . No difference in MIC was observed for any of these mutants compared to wild type (Table S10), suggesting that UzcRS and select regulon members are dispensable for Zn, U and Cu tolerance. The lack of a phenotype for these mutants is in agreement with the results from a recent Tn-seq study performed during U stress in C. crescentus (Yung et al., 2015) . Only two of the UzcR regulon members were found to confer U tolerance in this study, rsaF b (outer membrane S-layer transporter) and rpoH (heat shock sigma factor). Thus, despite the pronounced activation of UzcRS by U, Zn and Cu, it is not clear whether this regulation provides a physiological advantage during metal stress.
Discussion
This work was motivated by the finding that urcA, encoding a small protein of unknown function, was strongly induced by U. In this study, we have expanded the list of inducers to include Zn and Cu and have identified the UzcRS TCS as the regulatory system responsible for metal-dependent regulation. By coupling ChIPseq with RNA-seq analysis, we found that UzcR directly regulates the expression of nearly 50 operons, the vast majority of which are associated with uncharacterized pathways. Nevertheless, since nearly 80% of UzcR regulon members are predicted to localize to the cell envelope, our data suggest that UzcR presides over a novel extracytoplasmic stress response. To our knowledge, this study represents the first global analysis of a Uresponsive regulatory system in any organism and raises a number of physiological and mechanistic questions.
Implications of m_5 motif for UzcR DNA binding and transcriptional regulation
The identification of the m_5 motif as the UzcR binding site confirms the global regulatory significance of this motif and raises interesting questions regarding the mechanism of UzcR DNA binding. A semipalindromic consensus binding site (5 0 -CATTAC-N 6 -TTAA-3 0 ) differs from the canonical binding site recognized by OmpR/ PhoB family regulators; members of this family typically bind to tandem repeats as dimers (Gao et al., 2007) . The DNA contacts made at the consensus half sites of tandem repeats are expected to be very similar, as observed in a recent co-crystal structure of PhoP bound to its consensus DNA site (He et al., 2016) . In contrast, the asymmetry between the two half sites in m_5, stemming from the strong conservation of C at positions 2 and 7 of half site 1 that is absent in half site 2, suggests that UzcR may interact differently with each half site. Our data suggest that conserved residues within both half sites are critical for UzcR-dependent transcriptional activation. However, only the conserved resides in the first half site appeared critical for UzcR-P DNA binding in vitro.
Since the 5 0 -TTAA-3 0 half site is often found overlapping the 235 promoter element, perhaps there are regulatory constraints placed on this sequence to afford binding of both UzcR and holo-RNAP or to minimize holo-RNAP binding in the absence of an inducer. It will be interesting to determine whether this consensus semi-palindrome reflects the strongest UzcR binding site or whether binding affinity has been sacrificed for regulatory reasons. Another interesting feature of UzcR DNA binding is the presence of multiple predicted UzcR binding sites upstream of three of the highest induced members of the regulon. In conjunction with higher molecular weight species observed in the P urcA EMSA, this suggests that UzcR may be capable of forming higher-order oligomers. Tandem binding of OmpR/PhoB family dimers appears to be a common regulatory strategy that has been shown to enable a more diverse range of regulatory responses compared to a single dimer site (Yoshida et al., 2006; Park and Kiley, 2014) . For example, the arrangement of three adjacent OmpR boxes at the ompF and ompC promoters facilitates a hierarchical mode of binding that enables the fine-tuning of promoter activity expression by OmpR in response to changes in (Yoshida et al., 2006) . What additional regulatory features that these tandem sites afford UzcR remain to be determined.
Is UzcS a direct metal sensor?
Our data suggest that the histidine kinase UzcS is responsible for conveying the U, Zn and Cu signal input to UzcR, thus enabling metal-dependent gene activation. How the initial activation of UzcS is achieved remains an open question. One mode of metal perception by histidine kinases involves specific coordination by the periplasmic domain (Wosten et al., 2000; Affandi et al., 2014) . Although UzcS is among the periplasmic-sensing group of histidine kinases (Mascher et al., 2006) 2 ), the predominate form of U in oxic environments (Markich, 2002) , prefers an equatorial coordination environment. As such, the periplasmic domain of UzcS would require significant plasticity to accommodate the specific binding of all three metals. However, nonspecific coordination or displacement of structural metals is conceivable, owing to the strong complex formation by Cu or Fig. 6 . Global UzcR-dependent transcriptional regulation in response to U, Zn or Cu. Gene expression profiles of 46 genes assayed in WT and DuzcR cells following exposure to U, Zn or Cu using nCounter gene expression codesets. Agglomerative clustering was performed using the Z-score transformation of genes with Euclidean distance and average linkage parameters and data was visualized using JavaTreeView (Saldanha, 2004) . UzcR regulon members, canonical cell envelope stress response genes and Zn efflux transporter genes are denoted by red, cyan and magenta boxes, respectively.
Zn (Haas and Franz, 2009 ) (see mismetallation discussion below). It has been shown that displacement of the Ca or Mg bound to the periplasmic loop of PhoQ initiates signal transduction (Cho et al., 2006) . Current studies are underway to test metal binding to the UzcS periplasmic domain and to determine its role in UzcRS signal transduction.
UzcRS is not a canonical metal resistance system
The lack of UzcR regulated genes with established roles in metal homeostasis or a metal-sensitive phenotype in DuzcR or DuzcS strains suggests that UzcRS is not a canonical metal resistance system, where specific metal perception is coupled with the induction of resistance determinants (e.g., efflux pumps) (Hobman and Crossman, 2015) . In C. crescentus, the czr and ncz operons that encode heavy metal Resistance-Nodulation-Division (HME-RND) efflux systems were recently found to confer resistance to Zn and other divalent metals (Valencia et al., 2013) . Although these operons were highly induced by Zn, they were not part of the UzcR regulon and not induced by U. Furthermore, UzcR was dispensable for Zn-dependent induction of CCNA_02811, encoding the homolog of the E. coli Zn exporting P-type ATPase ZntA (Rensing et al., 1997) . While UzcR activates three MDR efflux pumps including an AcrAB homolog, none of these transporters were found to play a role in U tolerance in a recent Tn-seq study (Yung et al., 2015) , consistent with a more-established role of MDR pumps in the efflux of antibiotics and other organic compounds (Sun et al., 2014) . It is worth noting that the only members of the UzcR regulon that were found to confer U tolerance encode RsaF b (Slayer secretion outer membrane protein) and RpoH (heat shock sigma factor), both of which are associated with stress responses rather than metal resistance (Wu and Newton, 1996; Overton et al., 2016) . Collectively, these data suggest that UzcRS may be responsive to common toxicological features of U, Zn and Cu.
Implications of peptidase induction for metal stress
The activation of nine genes encoding putative periplasmic peptidases provides some initial clues to the nature of the UzcR regulon function. In general, peptidase Arrows represent genes directly regulated by UzcR as determined by correlating ChIP-seq and RNA-seq datasets. Genes are categorized based on activation/repression, predicted subcellular localization and annotation as a Zn coordinating metallopeptidase. Functional categorization was performed manually based on the genome annotation in the genbank database. Extracytoplasmic localization was determined using TMHMM v2.0 (Krogh et al., 2001 ) and SignaIP v4.1 (Petersen et al., 2011). enzymes are thought to support regeneration of amino acids following normal protein turnover, degradation of abnormal/damaged proteins and degradation of signal peptides (Miller and Green, 1981; Gonzales and RobertBaudouy, 1996) . We can envision at least three scenarios that may warrant peptidase expression. First, the periplasmic peptidases are required to further process the peptide products resulting from DegP-mediated cleavage of misfolded proteins (Krojer et al., 2008) . Although degP homologs are not part of the UzcR regulon, their induction during Zn, U and Cu exposure and the conserved chromosomal colocalization of degP and uzcRS throughout alphaproteobacteria suggest a potential functional relationship. Additional support for a role in a protein misfolding response comes from the activation of rpoH by UzcR. Second, peptidase induction by UzcR is simply a built-in mechanism to support the increased production of signal peptides when the UzcR regulon, which contains many members with a predicted signal secretion sequence, is activated. While the UzcRinduced signal peptide peptidase (SppA) has a known function in this process, other peptidases such as aminopeptidases may be required to process the peptide fragments into individual AAs.
Third, the particular enrichment for metallopeptidases within the direct UzcR regulon could be a response to protein mismetallation. Due to their location on the far end of the Irving Williams series, Cu and Zn have a tendency to cause protein mismetallation when metal homeostasis is perturbed (Waldron and Robinson, 2009 ). For example, excess Zn leads to mismetallation of the periplasmic Mn-binding solute protein PsaA in Streptococcus pneumonia, resulting in Mn starvation (McDevitt et al., 2011) . Although fewer studies have examined the mechanisms associated with U toxicity, displacement of Ca within proteins and cofactors has been observed (Pible et al., 2010; Burbank et al., 2015) . It is thus conceivable that some periplasmic metalloproteins, potentially including the metallopeptidases themselves, are mismetallated during exposure to these metals. In support of this, biochemical studies have shown that exogenous Zn and Cu inhibit enzymatic activity of metallopepidases, including those that use Zn as a catalytic cofactor (Henrich et al., 1993; Wang and Cooper, 1993) . In sum, the induction of peptidases may serve a remedial function for a stress inflicted in common by all three metals.
Clearly, there is much to learn about the UzcRS system in order to fully decipher its physiological function. It will be interesting to determine whether other environmental stimuli beyond metals are involved in UzcRS signaling and what additional layers of regulation beyond UzcRS are involved in extracellular stress perception in C. crescentus. The lack of functional annotation of the majority of UzcR regulon members warrants further study of extracytoplasmic stress responses in bacteria outside of the model organisms E. coli and Bacillus subtilis.
Experimental procedures
Bacterial strains, media and materials All strains were derived from wild type C. crescentus strain NA1000 (ATCC 19089) . Growth experiments were performed in (i) PYE medium, containing 0.2% (wt/vol) Bacto peptone (Difco), 0.1% yeast extract (Difco), 1 mM MgSO 4 and 0.5 mM CaCl 2 , (ii), modified M5G medium (10 mM PIPES, pH 7, 1 mM NaCl, 1 mM KCl, 0.05 % NH 4 Cl, 0.01 mM Fe/EDTA, 0.2 % glucose, 0.5 mM MgSO 4 , 0.5 mM CaCl 2 ) supplemented with 1.3 mM inorganic phosphate and (iii) M5G medium supplemented with 5 mM glycerol-2-phosphate as the phosphate source (M5G-G2P) to facilitate uranium solubility. Uranyl nitrate hexahydrate [(UO 2 )(NO 3 ) 2 Á6H 2 O; hereafter, U(VI)] was obtained from SPI Supplies (West Chester, PA) and 100 mM stock solutions were prepared in 0.1 N nitric acid followed by filtration through a 0.22-lm membrane. The U(VI) concentration of the stock solution was confirmed by inductively coupled plasma mass spectrometry (ICP-MS). A total of 50 mM stock solutions of Pb(NO 3 ) 2 , NiSO 4 , ZnSO 4 , CuSO 4 , MnCl 2 , MgSO 4 , K 2 CrO 4 , Na 2 SeO 3 , CoCl 2 and AlK(SO 4 ) 2 were prepared in Milli-Q H 2 O. All strains were grown at 308C with shaking at 220 rpm to mid-exponential phase prior to use in experiments. E. coli HST08 (Clontech) was used for cloning following standard procedures.
Strain construction
An in frame deletion of uzcS (CCNA_02842) and the uzcRD51A allele (Table S11) were obtained by a two-step sacB counterselection procedure (Stephens et al., 1996) . Approximately 600 bp regions flanking the 5 0 and 3 0 regions of uzcS or the uzcR mutation were amplified with the uzcS_del and uzcRD51A primer sets (Table S12) , respectively, and cloned into the HindIII and BamHI-digested suicide plasmid pNPTS138 using In-Fusion cloning (Clontech). The pNPTS138-based deletion plasmids (Table S11) were transformed into C. crescentus by electroporation, and primary integrants were selected on PYE plates containing 25 lg ml 21 kanamycin. Counterselection for the second chromosomal crossover event, resulting in gene deletion, was selected for by overnight growth in liquid PYE media followed by plating on PYE agar containing 3% sucrose. Deletions were confirmed by colony PCR and DNA sequencing.
Construction of a CCNA_01968 promoter-gfp transcriptional fusion
A synthetic vector with a P15A origin, kanamycin resistance cassette and gfp mut 3 gene insulated with an upstream rrnB terminator 1 (DNA2.0) was used as a template to construct promoter-gfp fusions. First, the cat gene (chloramphenicol acetyltransferase) from pNJH123 was amplified with cat_F and cat_R and cloned into pDMP462 that was linearized with primers kan_elim_F and kan_elim_R using infusion cloning. The p15A origin was then swapped with a pBRR-rep1 origin that was amplified from pPROBE-GFP 0 using pBBR1-rep_F and pBBR1-rep_R and the restriction enzymes NheI and HindIII, generating pDMP460. The DNA sequence region from 170 to 29 with respect to the translation initiation site of CCNA_01968 was amplified with P1968_Bam-HI_F and P1968_EcoRI_R, digested with EcoRI and BamHI and cloned into the similarly digested pDMP460 to construct a CCNA_01968-promoter gfp fusion (pDMP558). Site directed mutagenesis was performed with the primers P1968_HS1_mut_F and P1968_HS1_mut_R to mutate UzcR half site one from 5 0 -CATTAC-3 0 to 5 0 -CAATAG-3 0 and primers P1968_HS2_mut_F and P1968_HS2_mut_R to mutate half site two from 5 0 -TTAA-3 0 to 5 0 -TAAT-3 0 , generating pDMP559 and pDMP560, respectively.
Transposon screen for regulators of P urcA A chromosomally integrated P urcA -lacZ translational fusion was constructed by replacing the sequence 24 nt downstream of the urcA start codon with E. coli lacZ. To accomplish this, a plasmid-borne translational P urcA -lacZ fusion (NJH123; Hillson et al., 2007) was amplified with primers PurcA_UR_F and PurcA_UR_R (Table S12) , and a fragment containing the 517-bp region downstream of the urcA stop codon was amplified from the chromosome using PurcA_DR_F and PurcA_DR_R. Both fragments were cloned into the HindIII and BamHI-digested pNPTS138 using In-Fusion cloning and integrated into the chromosome of a lacA mutant (Arellano et al., 2010) or NA1000 using the double-crossover allele replacement as described above, yielding strains DMP89 and DMP90, respectively (Table S11) . For the transposon screen, DMP89 was electroporated with VMCS2::Tn5Pvan (Christen et al., 2010) and plated onto PYE agar plates containing 40 lg ml 21 Xgal, 25 lg ml 21 kanamycin and 0 or 40 lM ZnSO 4 , yielding a total of $60,000 colonies. Colonies exhibiting a white colony phenotype were selected, and nested semiarbitrary PCR was used to map the location of each transposon as described previously (Christen et al., 2010) . The 31 colonies with transposons located within lacZ or the urcA promoter were eliminated from consideration. The remaining strains were carried through subsequent validation steps to eliminate false positives. First, the transposons were transduced into NA1000 using /Cr30 phage as described previously (Ely and Johnson, 1977) then transformed with pNJH123 to confirm P urcA regulation in a clean background. This eliminated single transposons within CCNA_02754, CCNA_00506 and CCNA_01943. Finally, clean deletions were generated, transformed with pNJH123 and tested for P urcA regulation.
b-Galactosidase assays
Strains possessing pNJH123, a plasmid-borne translational P urcA -lacZ fusion , or the chromosomal P urcA -lacZ fusion (DMP90) were used for all assays. pNJH123 includes a 1-kb region upstream of the urcA start codon through the first 24 nucleotides of urcA, fused to lacZ. For experiments with Zn, cells were grown in PYE at 308C to an OD600 of 0.1, before addition of Zn to 40 lM. After 1 h of exposure, cell growth and any further protein synthesis were terminated by the addition of tetracycline to a final concentration of 2 lg ml
21
, and cells were placed on ice. For experiments with U, cells were grown overnight in M5G-G2P, washed once to remove inorganic phosphate and inoculated into M5G-G2P with or without 50 lM uranyl nitrate. Aliquots were removed at various time points for assays. b-Galactosidase activity was assayed as previously described (Miller, 1972) .
Measurement of MIC
Minimum inhibitory concentration (MIC) values for (UO 2 )(NO 3 ) 2 , ZnSO 4 and CuSO 4 were determined for wild type NA1000, DuzcR, DuzcS, DurcA, DurcB, DurcAB and CLK719 (DacrAB2-nodT; Kirkpatrick and Viollier, 2014) strains. Various concentrations of each metal were added to PYE (or PYE buffered with 50 mM MES, pH 6.1, for samples with U), and the assay was conducted in 96-well plates. Midexponential phase cultures were used as inoculum. The MIC of each compound was determined as the lowest concentration that inhibited the culture from reaching an arbitrarily defined OD 600 of 0.100 after 15 h of incubation. Experiments were performed in biological triplicate.
Cloning, overexpression and purification of Strep-UzcR uzcR was amplified with primers uzcR_F and uzcR_R that incorporated an XmaI restriction site, a Strep tag and a HRV 3C protease cleavage site (order listed in 5 0 -3 0 direction) on the 5 0 end of the gene and a SacI site at the 3 0 end. The XmaI and SacI digested fragments were cloned into plasmid pET 52-b to generate plasmid pDMP225 for protein expression. E. coli BL21(DE3) plys, containing pDMP225, was grown at 378C until an OD 600 of 0.4 was reached. Isopropyl-1-thio-b-D-galactopyranoside (IPTG) was added to 0.5 mM, and the cells were shifted to 308C for four hours of induction. Cells were harvested, suspended in buffer W (IBA Lifesciences) and lysed by sonication. StrepUzcR was isolated from cell lysates using a Strep-tactin column as described in the manufacturer's protocol (IBA Lifesciences). The protein concentration of UzcR (reported here as monomers) was determined using a Bradford protein assay (Biorad) with bovine serum albumin as a standard. Rabbit polyclonal antiserum was produced for UzcR (Envigo) and further affinity purified against UzcR to yield the antibody solution used for ChIP. The specificity for UzcR was confirmed by Western blot (data not shown).
Electrophoretic mobility shift assays
A urcA promoter fragment containing the region from 2214 to 27 with respect to the translation initiation site was amplified with primers PurcA_F and PurcA_R, the latter of which was labeled with fluorescein on the 5 0 end. WT and mutant CCNA_01968 promoter fragments containing the region from 2170 to 29 with respect to the translation initiation site were amplified from pDMP558, pDMP559 and pDMP560 with primers P1968_EMSA_F and P1968_EMSA, the latter of which was labeled with fluorescein on the 5 0 end. Prior to the EMSA, the Strep Tag was removed from UzcR using HRV 3C protease (Thermo Fisher) according to A metal responsive TCS in Caulobacter 59 the manufacturer's protocol and verified by SDS-PAGE. UzcR was phosphorylated by incubation in phosphorylation buffer (50 mM Tris, pH 7.9, 150 mM NaCl, 10 mM MgCl 2 ) with 50 mM disodium carbamyl phosphate (Sigma-Aldrich) for 1 h at 308C (Lynch and Lin, 1996) and immediately used in the binding assays. For nonphosphorylated UzcR, phosphorylation buffer lacking carbamyl phosphate was used. EMSAs were performed by incubating phosphorylated UzcR (UzcR$P) or non-phosphorylated UzcR with P urcA DNA (100 nM) for 10 min at 378C in buffer containing 30 mM Tris-HCl (pH 7.9), 100 mM potassium glutamate (pH 7.5), 10 mM potassium phosphate (pH 7.5), 10 mM MgCl 2 , 50 mg ml 21 BSA, 5% glycerol and 50 mg ml 21 polydI-dC. A 5% TBE mini-protean polyacrylamide gel was prerun with 0.53 TBE at 120 V for 30 min in a Mini-PROTEAN tetra cell (Bio-Rad) prior to loading samples. Samples were run at 100V for 45 min, and the reaction products were visualized using a Bio-rad Gel Doc XR1 System.
Chromatin immunoprecipitation followed by PCR (ChIP-qPCR) or sequencing (ChIP-seq)
WT (duplicate) and DuzcR (singlicate) cells were grown in PYE at 308C to mid-exponential phase then exposed to Zn (40 lM) for 1 hour. ChIP assays were performed as previously described (Davis et al., 2011) using the affinity purified UzcR polyclonal antibodies. ChIP assays were also performed with WT cells without Zn exposure. To test for in vivo binding to P urcA , quantitative PCR was performed in triplicate using the primer pairs urcA_qPCR_F/ urcA_qPCR_R and sodA _F/sodA_R to amplify 142 and 116 bp regions of P urcA and sodA, respectively. The sodA gene was used as a negative control region and the data were plotted as the enrichment at the P urcA promoter relative to enrichment at sodA.
For ChIP-seq analysis, ChIP DNA was submitted to the Functional Genomics Lab (FGL), a QB3-Berkeley Core Research Facility at UC Berkeley. ChIP library preparation was done on an Apollo 324 TM with PrepX TM ILM 32i DNA Library Kits (WaferGen Biosystems, Fremont, CA), and nine cycles of PCR amplification was used for library fragment enrichment. Cleanup of the PCR product was performed using Agencourt's Ampure XPV R beads (Beckman Coulter). Libraries were then checked for size distribution and adapter dimer on the Fragment Analyzer TM (Advanced Analytical). Each amplified library was assayed for integrity and size distribution on an Advanced Analytical Technologies Fragment Analyzer (Ankeny, IA). Samples were normalized and pooled, then run on an Illumina HiSeq 4000 (50 bp read length, single end) instrument according to the manufacturer's instructions. At least 31,000,000 reads were obtained for each ChIP-seq replicate. Greater than 97% of these reads mapped uniquely to the C. crescentus NA1000 genome (accession: NC_011916.1) using the software package Bowtie v1.1.1 (Langmead et al., 2009) . The CSDeconv algorithm (Lun et al., 2009) was then used to determine significantly enriched regions in high resolution using the WT (6 Zn) and the DuzcR ChIP-seq sample as a control. CSDeconv was run with Matlab R2016a using the following parameters: LLR 5 11 and alpha 5 200 for all replicates except replicate two of the non-Zn exposed WT where an LLR 5 11 and alpha 5 50 were applied. Enriched regions generated from replicate one (54 regions) and replicate two (60) were combined to generate an initial list of 62 binding regions (Table S1 ). Five regions were eliminated as false positives as they failed to meet any of the following three criteria: a decrease in occupancy in the absence of Zn, a match to the m_5 motif within the region of occupancy, or in proximity to a gene exhibiting differential expression. In sum, 57 binding regions were identified. For visualization of the ChIP-seq data, the raw tag density at each position was calculated using QuEST version 2.4 (Valouev et al., 2008) and plotted with the Mochiview genome browser (Homann and Johnson, 2010) .
Bioinformatic analysis of UzcR enriched regions
A 300 bp window around each of the 57 CSDeconv binding regions (averages of the two replicates) was searched for a common motif using MEME (Bailey and Elkan, 1994) with the parameters -mod zoops -nmotifs 1 -minw 15 -maxw 25. No constraints were made on the symmetry of the motif. The MAST program (Bailey and Gribskov, 1998 ) was used to identify each instance of the MEME-identified motifs within the UzcR binding regions using an E value cut-off of 3.5. The resulting 49 putative UzcR binding sites were used to construct the UzcR sequence logo, yielding a semipalindrome with an information content of 14.8 bits. When the motif was forced to be palindromic, the information content was reduced to 12.3 bits, suggesting that a perfect palindrome is a poorer fit to the data.
RNA-seq preparation, sequencing and data analysis RNA was isolated from triplicate NA1000 and DuzcR strains with and without 1 h exposure to 40 lM ZnSO 4 using the hot phenol method (Jahn et al., 2008) . Total RNA was quantified with a NanoDrop 2000 (ThermoFisher) and its integrity verified using a Bio-Rad Experion with a StdSens RNA chip kit. A total of 5 lg total RNA from each sample was treated with the ScriptSeq Complete Kit -Bacteria (Epicentre, an Illumina company) according to the manufacturer's instructions. Each amplified library was assayed for integrity and size distribution on an Advanced Analytical Technologies Fragment Analyzer (Ankeny, IA). Samples were normalized and pooled, then run on an Illumina HiSeq 4000 (50 bp read length, single end) at the UC Berkeley Vincent J. Coates Genomics Sequencing Laboratory.
Sequencing data was mapped to the C. crescentus NA1000 reference genome sequence (GenBank accession number NC_011916.1) using Bowtie v1.1.1; total reads and the number of reads aligning to the reference genome for each sample are listed in Table S13 . HTSeq-0.6.1p1 (Anders et al., 2015) was used to quantify the number of counts per genomic feature; the output was converted to a .bam file, sorted and indexed using samtools-0.1.19. RSeQC-2.3.9 (Wang et al., 2012) was then used to normalize the counts data and generate wig files for visualization in MochiView (Homann and Johnson, 2010) . The DESeq package in R (Anders and Huber, 2010 ) was used to generate differential expression data for each sample as compared to wild type cells. Genes that exhibited a greater than twofold change in expression with a p-value of <0.05 were considered DE. mRNA profiling using Nanostring custom gene expression codesets Cells were grown in M5G-G2P to exponential phase at 308C, pelleted at 20,000 3 g and then washed once with fresh M5G-G2P medium to remove inorganic phosphate generated during growth. The cells were resuspended at the same density in M5G-G2P and supplemented with Zn (10 lM), U (5 lM), Cu (6 lM) or no metal and grown at 308C for 1 h. A total of 8 ml of each culture was quenched with 1 ml of stop solution (95% ethanol and 5% phenol), centrifuged at 20,000 3 g for 5 min at 48C and then frozen on dry ice. Cell pellets were suspended in 500 ll TRIzol, incubated for 10 min at 658C and combined with 100 ll chloroform. Following a 5 min mixing step, the samples were centrifuged at 20,000 3 g for 15 min, the aqueous layer was extracted, an equal volume of 70% ethanol was added, and the samples were transferred to an RNeasy column (QIAGEN). The remainder of the RNA isolation was performed according to the manufacturer's instructions.
RNA (100 ng) was hybridized for 17 h at 658C to custom nCounter gene expression codesets (Nanostring) containing a panel of 50 selected C. crescentus target genes (Table  S14) , including 37 genes under direct UzcR transcriptional control, two associated with Zn efflux, seven associated with cell envelope stress responses and four housekeeping genes. Following hybridization, samples were prepped in the nCounter Prep Station and data was collected in the nCounter Digital Analyzer according to the manufacturer's instructions. nSolver analysis software was used to perform background subtraction using internal negative control probes, positive control normalization using the geometric mean of internal positive control probes, and then housekeeping gene normalization using the geometric mean of the counts for the genes CCNA_01448, CCNA_03876 and CCNA_01320. Genes that exhibited a greater than 1.5-fold change in expression with a p-value of <0.05 were considered DE.
Accession number
All RNA-seq and ChIP-seq data are available for download from the NCBI Gene Expression Omnibus (GEO) under accession number GSE87173.
